Introduction
The problems associated with inaccurate location of buried pipes and cables have been serious for many years and are getting worse as a result of increasing traffic congestion in the UK's major urban areas. The problems primarily derive from the fact that the vast majority of the buried utility infrastructure exists beneath roads and therefore any excavation is likely to disrupt the traffic. A recent UK study estimated that street works cost the UK £7 bn annually; comprising £5.5 bn in social and indirect costs and £1.5 bn in direct costs (McMahon et al., 2005) .
The location techniques that are currently commercially available are either simple (yet strictly limited in their ability to detect the wide variety of utilities) and carried out immediately prior to excavation by site operatives or are more sophisticated and carried out by specialist contractors. Controlled trials carried out by UK Water Industry Research have shown that, even when sophisticated detection techniques are employed, detection rates are often poor (Ashdown, 2000) and, as a result, far more excavations are carried out than would otherwise be necessary for maintenance and repair. While a variety of techniques using different technologies are available, all suffer from the same essential drawback that, when deployed alone, they will not provide an adequate solution to the problem; moreover, all have their own specific limitations.
In response to this, a large multi-center programme, Mapping the Underworld (2011), is being undertaken in the UK to assess the feasibility of a range of potential technologies that can be combined into a single device to accurately locate buried pipes and cables. The potential technologies include ground penetrating radar, low-frequency quasi-static electromagnetic fields, passive magnetic fields and low frequency vibro-acoustics and significant advances have already been made (Royal et al., 2010 (Royal et al., , 2011 . In this paper, the focus is low-frequency vibro-acoustics, in particular the detection of shallow-buried pipes.
Low-frequency vibro-acoustic methods have been researched and developed previously for the detection of shallow underground objects, particularly in the military context, such as the detection of landmines buried close to the surface. Xiang and 0886-7798/$ -see front matter Ó 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.tust.2012.02.006 Sabatier (2002 Sabatier ( , 2003 developed a laser doppler vibrometer-based system in which the ground around a suspected target is insonified by loudspeakers and the ground surface vibration measured simultaneously. The aim is to induce resonance in the landmine which will then manifest as an increase in vibration velocity directly above the mine. A ground surface vibration image, typically covering an area of 1 m 2 , is then used to ascertain the mine location. However, laser Doppler systems are expensive, often cumbersome and not suitable for all surface types . Another implementation of this resonance-based system was developed by Scott et al. (2001) in which the ground excitation was provided by Rayleigh surface waves generated by an electrodynamic shaker. They used an array of contact sensors to determine the location with the maximum vibration amplitude. An alternative method has been developed by Gucunski et al. (2000) . They suggest a wave-based method in which, again, Rayleigh surface waves are used to excite the ground. Objects buried close to the ground surface will affect the wave dispersion, producing measureable fluctuations in the phase velocity. As for the previous methods, an array of surface transducers is required. In addition, however, inversion of the phase curve is required to compute the phase velocity, which can be numerically unstable, and the results can be difficult to interpret.
Fortunately, the requirements for civil applications are far less stringent than those for military ones (such as the requirements to operate at significant standoff and to achieve high advance rates). Here, the potential for making a number of simple point vibration measurements, which reveal the elastic properties of the ground locally in order to detect shallow-buried objects, is explored. Point measurements can be made relatively quickly without the need for arrays of surface sensors, which can be expensive, time-consuming to deploy, and sometimes impractical in congested areas. Data analysis and interpretation can be relatively quick and simple, potentially enabling operators without in-depth knowledge of vibro-acoustics to exploit the technology.
The structure of this paper is organized as follows: Section 2 describes the background to the method and its rationale, and presents analytic expressions for the key parameters of interest. In Section 3, measurements made on a dedicated pipe rig are described and the results presented. Section 4 describes measurements made over a live domestic drain. Finally, in Section 5, some conclusions are drawn and possible ways ahead discussed.
Background

Excitation of the ground
Consider the ground as a homogeneous elastic half space, excited by a harmonic vertical load, f, acting over a circular area with radius a, as shown in Fig. 1 . Harding and Sneddon (1945) give the local static stiffness, k, (force, f, divided by displacement, x at zero frequency) as
where E and m are the elastic modulus and Poisson's ratio of the ground respectively. Additionally, for dynamic excitation at frequencies greater than zero, there will be a mass component resulting from the mass of the moving part of the exciter and the attached, or radiation, mass. The radiation mass has a similar effect to that of a baffled piston (Kinsler et al., 1982) , giving the total mass at low frequencies, m, as
where q is the density of the soil, q e is the density of the exciter piston, and l is its length. Finally, there will be a damping component arising from the radiation of power into the ground from the excitation point (Pinnington, 1988; Miller and Pursey, 1954) . This system comprising mass, stiffness and damping components can now be seen clearly to be a classical single-degree-offreedom system, as shown in Fig. 2 .
The equation of motion of this system is given by
where f is the applied force, m is the mass, k is the spring stiffness, c is the damping and where the dot and double dot denote differentiation with respect to time once and twice respectively. Assuming harmonic excitation so that f = Fe jxt and x = Xe jxt (€ x ¼ € Xe jxt ), the frequency domain quantity, point accelerance (acceleration/force) is therefore given by
where x is the angular frequency. A typical accelerance plot is shown in Fig. 3 , revealing a well-defined resonance.
The resonance frequency (the frequency of maximum amplitude) is given by
also shown in the figure, where x n is the undamped natural frequency given by
and f is the damping ratio given by f ¼ Well below and well above the resonance frequency, the accelerance is given by j
respectively, giving the stiffness-and mass-controlled regions shown in the figure.
Returning to the case of ground excitation considered here, substituting Eqs. (1) and (2) into Eq. (6) gives the undamped natural frequency x n as
It can be seen that this is dependent not only on the elastic properties of the soil, E, q and m, but also on the excitation radius, a; the larger the excitation radius, the lower the natural frequency.
Effect of a shallow-buried object
In the presence of a shallow-buried object, the mass-spring behavior will be altered according to the elastic properties of the object. The ground stiffness locally will be modified by the stiffness of the object; possibly the radiation mass may be altered if there are changes in the ground conditions very close to the surface; the damping characteristics are also likely to change. It is anticipated that it may be possible to detect a shallow-buried object by observing changes in the resonance behavior measured directly above the object compared with measurements made locally around it. These changes could include both the resonance frequency itself and the magnitude of the response at resonance.
Region of influence
It is possible to estimate (to an order of magnitude at least) the depth to which an object could potentially be buried and detected by these means. Consider the stiffness term given in Eq. (1). A grounded, but laterally unconstrained circular column of soil of radius a and length L has a stiffness of (1) indicates that the depth of soil contributing to the vertical stiffness measured at the ground surface is of the order of pa/2. It might be expected, therefore, that objects buried at depths of this order of magnitude would influence the measured stiffness at the ground surface and hence the measured resonance, thus potentially enabling their detection. Moreover, it suggests that the larger the excitation radius, the greater the depths at which objects could be detected.
Experimental measurements on a dedicated pipe rig
Description of experimental rig
Initially, measurements were made on a small dedicated pipe rig. The rig comprises two 3 m lengths of high density polyethylene (HDPE) pipe, joined together at right angles and buried at a depth of approximately 30 cm. At each end, additional elbows bring the pipe up to the surface. For these preliminary tests the pipe contained air only, as the stiffness of an air-filled pipe will differ more from the stiffness of soil than would a water-filled pipe. The pipe parameters are shown in Table 1 .
The pipe was laid on a thin layer of sand and then the original soil, classified as silty sand (80% sand, 20% silt), was returned to the trench. The pipe was buried for about a year before the measurements were made, so the soil around the pipe was well consolidated. Fig. 4 shows the pipe just prior to burial.
Experimental measurements on test rig
A Wilcoxon F4/Z820WA (Wilcoxon, 2011) electrodynamic shaker (Fig. 5 ) was used to excite the ground vertically, by placing it directly on the ground. This exciter has a built in impedance head which senses both the applied force and the measured acceleration, enabling straightforward computation of the accelerance without the need for additional sensors. The shaker piston has a mass of 140 g and a contact diameter of approximately 5 cm. Point accelerance measurements were made along six 2 m-long lines crossing the pipe at right-angles. Measurements were made at approximately 10 cm intervals along each line, resulting in 21 measurement locations per line. The approximate location of the lines is shown in Fig. 6 . The setup for one line is shown in Fig. 7 .
A sweep input to the shaker was used, with a frequency range from 10 Hz to 800 Hz, and with a duration of approximately 30 s. A 2 kHz sampling rate was employed for the data acquisition, with a total acquisition time of 32.768 s. A Prosig P8020, 24-bit data acquisition system was used to capture the data.
For each measurement, the point accelerance was computed from the ratio of two cross spectra: that of the measured acceleration and the voltage applied to the shaker and that of force delivered by the shaker and the voltage applied to it.
Point accelerance
where the subscripts A, F and V refer to the measured acceleration, the force delivered by the shaker and the input voltage respectively.
Test results
Fig . 8 shows the point accelerance for a representative measurement location not directly above the pipe as well as one directly over the pipe along the same measurement line.
For the measurement not over the pipe, the anticipated massspring response can be clearly seen, with the well-damped resonance at a frequency of approximately 170 Hz. For the measurement over the pipe, it can be seen that the resonance frequency reduces to around 70 Hz, which indicates that either the local stiffness has reduced or the mass has increased. Inspection of the lowand high-frequency asymptotes suggests that the mass has not changed, but it is the stiffness which has altered, as anticipated. The high-frequency mass lines indicate a mass of approximately 300-350 g; 140 g of this can be attributed to the shaker piston, with the remaining 160-210 g being the radiation mass contribution. From Eq. (2) the expected radiation mass (assuming a soil density of 2000 kg/m 3 ) is approximately 80 g, so 160-210 g is rather more than anticipated. However, Eq. (2) relates to a fluid only, so the effects of shear are not included; this may account for the observed difference. In addition to the reduction in resonance frequency it can be seen that the peak height of the resonance peak is higher for the measurement point directly above the pipe (by approximately 65% in this case), indicating that the damping has altered slightly as well. Fig. 9a -h shows the massspring resonance frequency plotted against distance along the ground from the pipe for each measurement line. For some measurement locations, the expected behavior was not seen and it was not possible to identify a clear resonance on the accelerance plot; for these locations, resonance data are not included (altogether, out of 126 measurement locations, the resonance was not identifiable in only seven instances).
For lines 1, 3, 5 and 6, the global minimum resonance frequency occurs directly above the pipe; for line 4, although the resonance frequency above the pipe is low, there are two other locations with similar values (at À0.2 m and +0.4 m); for line 2, the resonance frequency above the pipe is not amongst the lowest along the line.
It was thought that it might be possible to gain additional information by examining the magnitude of the accelerance at resonance. Magnitude data are shown in Fig. 10a -h (again the seven locations for which the resonance was not clear are not included).
Along two of the measurement lines (lines 1 and 3) the accelerance magnitude is a maximum directly above the pipe; on one line (line 5) the magnitude above the pipe is a minimum; for the remaining three lines (2, 4 and 6) no trends can be seen.
Discussion
From the discussion in Section 2.2.1, for the exciter used in these tests, one could expect to be able to detect objects buried at depths of the order of 10 cm. Whilst the results presented in the previous section are not conclusive, that there is evidence that a pipe buried at $30 cm can be detected is encouraging. The measurements indicate that, at least some of the time (>60% in this case), measuring the mass-spring resonance frequency, if not the peak magnitude, would serve as a useful indicator as to the location of a buried pipe.
Measurements on a live domestic waste
Description of experimental setup
Following on from the initial tests over the buried pipe rig, a further set of tests was carried out, this time in a rather different scenario. Measurements were made over a plastic manhole cover which gave access to a domestic wastepipe; directly beneath the manhole cover was an air-filled cavity extending down approximately 30 cm before reaching the waste pipe. The drain cover was not visible at the ground surface as it was covered with a layer of approximately 5 cm of gravel. Beneath the gravel around the manhole cover was a layer of stone paving; beneath that was the parent soil, similar to that in which the pipe rig was buried. Fig. 11 shows the drain cover with some of the gravel removed. Clearly in this scenario, the ground does not resemble a homogeneous half-space as it did for the previous tests so, although the object to be detected (essentially an air cavity at a very shallow depth) ought to be easier to detect, the environment presents a greater challenge.
As for the previous tests the Wilcoxon electrodynamic shaker was used to excite the ground.
Point accelerance measurements
Point accelerance measurements were made along a 1.0 m long line traversing the manhole cover at its center. Measurements were made at approximately 10 cm intervals along the line, resulting in eleven measurement locations.
As before, a sweep input to the shaker was used, with a frequency range from 10 Hz to 800 Hz, and with a duration of approximately 30 s. A 2 kHz sampling rate was employed for the data acquisition, with a total acquisition time of 32.768 s.
For each measurement location, the point accelerance was again computed.
Results
Fig . 12 shows the point accelerance for one representative measurement location not directly above the manhole cover as well as one directly over it.
The mass-spring response can be clearly seen, with the resonance frequency at approximately 450 Hz, significantly higher than on the ground around the pipe. This is probably due to the high stiffness of the stone paving (and possibly gravel) compared with soil. Also shown in the figure is the point accelerance for the measurement point directly over the center of the manhole cover. Here it can be seen that the resonance frequency reduces to around 250 Hz. The mass can be seen to change very slightlyclose examination of the high-frequency, mass-controlled regions reveal a change from approximately 180-140 g -but again it is the stiffness which alters more. Here the mass seen over the manhole cover is the mass of the shaker piston alone, as expected (the mass of the manhole cover was only a few grammes); the additional 40 g seen in the other locations is slightly less than the expected radiation mass of around 80 g. The reduction in the peak height shows that over the manhole the damping increases. Fig. 13a and b shows the mass-spring resonance frequency plotted against distance along the ground from the manhole cover. As before, it was not possible to identify a clear resonance on all the accelerance plots, so for these locations, resonance data are not included (altogether, out of 11 measurement locations, the resonance was not identifiable in two instances). Fig. 13a shows that above the manhole cover, the resonance frequency reduces significantly compared with adjacent locations. The diameter of the manhole cover was approximately 30 cm, so a lowered resonance frequency at the two locations either side of the center location would also be expected. This is indeed the case at 10 cm. Unfortunately at À10 cm no clear resonance could be observed.
From Fig. 13b , it can be seen that the magnitude of the accelerance at the resonance frequency decreases at the locations directly over the pipe.
Discussion
For these measurements the target object was at a depth ($5 cm) well within the expected detection depth ($10 cm). Furthermore, the target could be considered to be a straightforward one in that it was relatively large and the elastic properties of air differ significantly from those of the surrounding soil. However, the ground in the vicinity was definitely not homogeneous so it is encouraging that objects (albeit straightforward targets) can be located by making point measurements alone. Here both the resonance frequency and the peak magnitude were useful measures.
Conclusions
In this paper, the potential for making point accelerance measurements on the ground in order to detect shallow-buried objects, in particular pipes, has been explored. The theoretical background was discussed and it was shown that, at low frequencies, the ground behaves as a single-degree-of-freedom system with a well-defined resonance, the frequency of which will depend on the density and elastic properties of the soil locally. Expressions for the expected mass and stiffness components have been presented and how these might alter in the presence of a shallow-buried object discussed.
Preliminary measurements have been made on both a buried pipe rig and over a domestic waste pipe. For the buried pipe it was found that for four, possibly five, out of the six measurement lines crossing the pipe, the reduction in resonance frequency observed directly over the pipe would serve as a useful indicator as to the location of the pipe. The peak magnitude was found not to be a useful measure. For the measurements made over the manhole cover, both the resonance frequency and the peak magnitude revealed the location of the waste pipe.
The results presented here are preliminary and, whilst the findings are not conclusive, there is evidence to suggest that measuring point accelerance could serve as a useful adjunct to the more conventional methods of buried object detection, such as ground penetrating radar, for example. A particular advantage of the method is that the measurements are relatively quick to make and analyze; furthermore, they are straightforward to interpret. Importantly, modeling suggests that the detection depth depends on the excitation contact radius, so that greater detection depths could be achieved by using increased contact with the ground surface. Future work will examine this, along with the range of objects which can be detected with this technique.
